I have examined potential determinants of the asymmetric distribution of nucleotide sequences in the genome of Escherichia coli as cataloged in GenBank release 44. I have used the frequency of occurrence of all possible tetranucleotides in a given sequence catalog or derivative as a comparative measure of asymmetry. The GenBank-cataloged strand and its complement show statistically similar (not complementary) distributions. The distribution is statistically similar in comparisons between the protein coding subset and the total genome, the coding subset and selected non-coding genes, the coding subset and the remainder of the DNA, and the coding subset and stable RNA sequences. I have compared the distribution in the genome of E. coli with the distributions found in the cataloged genomes of Salmonella typhimurium, Bacillus subtilis, and of coliphages lambda and T7. The distribution summed in both strands of the cataloged DNA differs statistically only in comparisons with lytic bacteriophage T7 because only the two strands of T7 show statistically dissimilar distributions. Despite similarities in tetranucleotide distribution, the pattern of codon complementarity in B. subtilis is different than that documented for E. coli. Thus, sequence asymmetry does not seem related to specific DNA function or to documented similarities or differences in codon bias. The sequence asymmetry of the E. coli genome may thus reflect a hitherto unsuspected pattern impressed on both strands of DNA which is or can be packaged into bacterial genomes.
INTRODUCTION
The statistical distribution of bases in the genome of Escherichia coli is not random or uniform, but seems to reflect underlying influences. The overall asymmetry has been ascribed to the summation of many possible causes, but the localized genetic information contained in a given region of DNA is typically assumed to be a dominant influence on the distribution of bases within that region (1 -4) .
For example, within protein coding regions the pattern generated by the unequal utilization of codons (codon bias) has been implicated as a major influence on the overall nucleotide asymmetry (5) . There is no a priori reason to assume an influence of codon bias on nonprotein coding regions. Genes for stable RNAs (predominantly ribosomal and transfer RNAs) contain regions encoding extensive base-paired secondary structure (6, 7) . The distribution of bases in these regions should be largely determined by the unique structural properties of these regions, and should thus differ from the distribution in protein-coding regions.
Because of base complementarity, there seemed little reason to suspect that the asymmetry in complementary strands should be similar.
There is a testable consequence which follows if the nucleotide sequence asymmetry of the E. coli genome is primarily determined by local function. The asymmetry in different functional parts of the genome should be different.
Further, if codon bias is a major determining factor in determining the overall nucleotide asymmetry of the E. coli genome (5) , there should be an association between codon bias and nucleotide asymmetry. Organisms with similar coding biases should have similar overall nucleotide asymmetries, and those with different codon biases should have different nucleotide asymmetries.
Markov chain analysis has shown that the use of mono-, di-and tri-nucleotide frequencies does not accurately predict the higher-order asymmetries of the genome (2) . At a minimum, the use of a third-order Markov chain utilizing a nested set of tri-and tetra-nucleotide frequencies has been shown to be required for accurate reconstruction of higher order asymmetries (2) . Thus, as the distribution of tetranucleotides embeds the distribution of mono-, di-and tri-nucleotides, and together with the tri-nucleotide frequencies is a relatively accurate predictor of higher-order asymmetries, I have chosen to concentrate on the distribution of tetranucleotides as an indicator of the asymmetric distribution of nucleotides in general.
I here report my findings from a systematic examination of the tetranucleotide asymmetry of the E. coli genome and various definable subsets with reference to aspects of the asymmetries from the genomes of other bacteria (Salmonella typhimurium, Bacillus subtilis) and two coliphages (lambda and T7) for purposes of comparison.
MATERIALS AND METHODS

Comparison of nucleotide asymmetries.
To compare the nucleotide sequence asymmetry of two catalogs or sets of nucleotide sequence data I first determined the frequencies of each of the 256 different possible sequentially overlapping tetranucleotides in each catalog (see below) and then plotted the frequencies against each other. If the two catalogs have the same nucleotide sequence asymmetry (exact similarity is unlikely due to statistical variations), the frequencies of each pair of tetranucleotides will be the same. Thus, frequencies of identically asymmetric sequences will plot on a line equidistant between the two axes with a slope of one. If the frequencies in the two catalogs differ, the points will deviate from the line. In similar catalogs, the points will tend to be close to the line; in catalogs with widely differing frequencies the points will deviate widely.
The Pearson product-moment correlation coefficient, 'r,' is a proper measure of the similarity or dissimilarity of two such sets of data. I have therefore used this statistic to measure the deviation of tetranucleotide frequencies from a perfect correlation, and, consequently, as a measure of the difference in nucleotide asymmetry between two sequence catalogs. Because the product-moment correlation coefficient represents a summary of deviations I have presented, in most cases, the graphical data as well.
Data and Program Sources.
Data from GenBank was either decoded from encoded data supplied on GenBank floppy disk release 44.0 (BBN Laboratories, Inc., Cambridge, MA) or obtained directly from GenBank via BioNet (T7, Lambda). Data was decoded and converted to ASCII format utilizing programs written in Turbo Pascal (Borland, Inc., Scotts Valley, CA). Intermediate processing utilized an ASCII text processor (XYWrite III, XY Quest, Bedford, MA). ASCII genome files were processed, the complementary sequence generated as indicated, and the resultant converted to frequency tables using programs written in Turbo Pascal. 3. Strand referents. The GenBank sequences are written to correspond primarily to the sense strand, i.e., the strand similar to m-RNA or to the encoded stable RNA. However, they do contain antisense or complementary sequences. I have, therefore, when referring The number of nudeotides in the cataloged strand as analyzed; computer rounding errors may cause slight deviations from actual numbers cataloged.
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The correlation coeffident, r, between the tetranucleotide distribution in the cataloged strand and its complement. All are significant, P < 0.001, save that forT7. 3 Composition of the cataloged strand calculatod from the data. 4 Not significant, P < 0.001.
to the strands of DNA as cataloged referred to the 'cataloged' strand to mean the primarily sense strand, the strand cataloged in GenBank, and the 'non cataloged' strand to refer to the complement, usually considered the antisense strand. Within defined open reading frames I refer to 'sense' and 'antisense' strands. the total number of sequences multiplied by 10,000, an arbitrary factor yielding decimal results in the range 1 -1000. Statistical routines were based on those presented by Sokal and Rolf (8) . Table 1 shows the nucleotide composition of the sequences analyzed, the correlation coefficients (r) between the tetranucleotide frequencies in the two strands (see below), and the nucleotide composition as calculated from the GenBank data. Table 2 exemplifies the most frequent and least frequent tetranucleotides from portions of some of the E. coli data sets examined in this study. Similar data is analyzed in more detail in reference 2. 6. Random nucleotide sequences. To examine randomly selected, non-overlapping tetramers, the 'window' was moved randomly between 5 and 10 nucleotides down the sequence being analyzed. The tetranucleotides thus selected were alternately cataloged into two data sets, so that there were two data sets for comparison. ?" 100
Generation of a
Comparison of the frequencies of two randomly-selected tetranucleotide sets. There are 256 datapoints, each represents one possible tetranucleotide. The frequency (as number in class divided by the total number of nucleotides multiplied by 10,000) from the first randomly selected set is plotted against the frequency from the second randomly selected set. The line is a referent and represents the expectation for a correlation of +1.
ATG, GTG or TTG to be sure that the reading frame began in the correct frame (some continue out-of-phase at the nucleotide sequence start). Sequences were then cataloged from the confirmed start to the GenBank-cataloged terminator. Sequences with more than one possible initiator and/or terminator were read once between the most distal signals.
RESULTS
The Distribution of Tetranucleotides is Normal.
Proper interpretation of the significance of product-moment correlation coefficients demands that the variables have a normal distribution (8) . Figure 1 is a histogram plotting tetranucleotide frequency classes from the E. coli genome cataloged in GenBank against number of occurrences. Superimposed on this plot is the intrinsic expectation of a normal distribution of this data. By the Kolmogorov -Smirnov test for goodness of fit to an intrinsic hypothesis (8) , the data fits a normal distribution, P < 0.01. Thus, parametric statistical methods can be applied to this data set. Other measures and analysis of the statistical distribution of very similar data have previously been presented (2,5).
Selecting overlapping short sequences does not seem to generate artifacts due to overlap.
Selection of sequentially overlapping tetranucleotide sequences might bias the resulting frequencies because of sequence intersection. For example, the frequency of the tetranucleotide 1111 might be influenced by the frequency of the pentanucleotide 11111.
To confirm that the selection of overlapping sequences did not introduce an artifact I selected non-overlapping sequences in two data sets (see Materials and Methods). Figure 2 shows that these two data sets were similar. The correlation coefficient between the sets is 0.96 indicating similarity, P < 0.001. They were also similar to the overlapping data set minus the randomly selected frequencies, P < 0.001, with correlation coefficients of 0.97 and 0.98. Thus, the strategy of selecting all possible overlapping tetranucleotides yields essentially the same distribution as a non-overlapping, randomized sampling, and the use of overlapping sequences does not in itself generate a systematic asymmetry. Further, examination of Figure 2 gives some idea of the differences expected when comparing two data sets with nearly identical distributions.
Comparison of the Two Strands of E. coli DNA.
My first comparison was between the asymmetry in the GenBank-cataloged E. coli sequences and in the strand complementary to those sequences. There was little reason to believe that the two complementary strands would have similar nucleotide sequence asymmetry except for an indication of similarity in the distribution of codons and their complements (13) . It seemed necessary to generate some sort of expectation of an artificial sequence as a standard by which to judge the actual data. A sequence generated from the probability of occurrence of the individual nucleotides has been previously shown not to model the actual asymmetric distribution of nucleotides in the E. coli genome (2). Therefore, I utilized the table of the distribution of bases from E. coli as a starting point to generate a random assortment of tetranucleotides (see Materials and Methods). Figure 3 shows the comparison of such a randomized sequence and its complement. The correlation coefficient is 0.05, not significant, P < 0.001. Other passes at randomization produce similar results, with correlation coefficients of the same magnitude. Thus, the expectation was that the two strands of E. coli DNA should have different asymmetries.
That this is not the case in the actual, unrandomized genome of E. coli is shown graphically in Figure 4 where it can be seen that there is a positive correlation between the tetranucleotide sequences of the two strands. The correlation coefficient is +0.68, demonstrating similarity between the tetranucleotide composition of each strand, P < 0.001.
Examination of the points of Figure 4 revealed a symmetry around the line representing a correlation of +1 (the central line of the figure, the Mine of perfect correlation'). This symmetry is a result of the complementarity of the two compared strands. Any sequence in one strand must be represented by a complementary sequence in the opposite strand. A consequence is that any palindromic sequences fall on the 'line of perfect correlation,' and may therefore tend to inflate the correlation coefficient. However, removing the palindromes reduces the correlation coefficient by only a small amount, from 0.68 to 0.66 (238 degrees of freedom), and thus the contribution of palindromes is small.
Protein-coding Sequences from E. coli.
The analyses thus far presented are of the entire E. coli genomic data set as represented in GenBank release 44. Most of this data is for coding DNA, but because of the heterogeneity of DNA functions in the data set it is impossible to assign a precise relationship between nucleotide asymmetry and specific DNA function. I therefore examined a subset of the data set whose function was solely to code for proteins. I utilized the GenBank annotation table to define sections of the data precisely within coding regions, starting with the first defined initiation codon and proceeding, in reading frame, to the most distal defined terminator. The reading frame of coding fragments (sequences without an initiator and/or terminator) could not be confirmed by these criteria, and they were therefore not included. Because there are only a small number of genes with coding oriented in the non-cataloged strand I selected only genes whose coding strand corresponded to the cataloged DNA strand.
I report here and below two comparisons between sequence sets. I report the comparison between the tetranucleotide distribution in the cataloged strands, and the comparison between the aggregate tetranucleotide distributions of both strands. I note that a comparison of the distributions in the non-cataloged strands is a mirror image of comparisons of the cataloged strands, and thus produces exactly similar coefficients of correlation. The coding subset showed a significant correlation (r = 0.97, P < 0.001) with the parental (total) set in both comparisons. It also had a high correlation between its two strands (r = 0.61). Graphically, the comparisons are very similar to those shown in Figures  2 and 4 . These observations were hardly unexpected given that the defined coding subset was 75% of the cataloged sequences, and thus dominates the genomic data set. I have used the defined coding subset as a benchmark for other comparisons with sequences derived from E. coli.
Sequences Without Coding
Function from E. coli. It was not possible to automatically select DNA sequences without any coding function as such sequences are not systematically annotated. The remainder of the DNA after removing the coding subset represented an assortment of partial coding frames, structural RNA sequences, and other functions, to say nothing of areas of undefined or no function. I therefore manually selected a subset of genes without protein coding function. The selected sequences are shown in table 5. This set showed nucleotide asymmetry correlating significantly with the benchmark coding set (Tables 1 and 3 .) Figure 5 shows that the correlation is still obvious, although skewed. Both strands of the set correlated well with each other (r = 0.34, significant, P < 0.001). 6. Remaining Sequences from E. coli. The tetranucleotide asymmetry of the undefined remainder of the data set, the total set minus the coding set minus the manually-selected non-coding set also correlated well (P < 0.001) with the coding set (r = 0.81, comparison of cataloged strands, and r = 0.87,comparison of both strands, Table 3 ), and showed a very high correlation (P < 0.001) between the two strands (r = 0.80, Table 1 ). Thus, the tetranucleotide asymmetry of the E. coli genome seems to be relatively invariant throughout definable subsets of the GenBank catalog. Table 5 . Sequences in the E. coll Sequence RNA component of RNAase P 5S RNA sequences (multiple) 16S RNA sequences (multiple) 23S rRNA sequences (multiple) ala-tRNA-1a,1b cys-tRNA asp-tRNA-1 glu-tRNA-1,2 phe-tRNA gly-tRNA-1,2,3 and mutations his-tRNA-1 ile-tRNA-1,2 lys-tRNA leu-tRNA-1,2,5 initiator met-tRNA-f met-tRNA-m asn-tRNA gln-tRNA-1,2 arg-tRNA-1,2 ser-tRNA-1,2,3,I,V amber supressor ser-tRNA-am thr-tRNA-ggt val-tRNA-1,2a,2b trp-tRNA also ts and uga supressor tyr-tRNA-1,2
.structural RNA Catalog 375  440  1874  2290  152  74  77  152  76  225  77  153  76  261  77  77  76  150  153  447  90  76  230  76  170 7. Structural RNA Sequences from E. coli. If the asymmetry is truly uniform throughout the genome of E. coli, then it should also be represented in independently cataloged segments of the genome. A stringent test thus becomes examination of the asymmetry of the E. coli structural RNA cataloged in the structural RNA catalog, a section of the GenBank sequences distinct from the genomic DNA sequences. These sequences are identified in Table 5 . These gene fragments representing structural RNAs also show significant correlations with the tetranucleotide asymmetry of the coding DNA (r = 0.24, cataloged strand, and r = 0.22, both strands, significant, P < 0.001, Table 3 ). Figure 6 shows that his data set is also skewed from the reference, coding set. The tetranucleotide distribution in the non-cataloged strand also correlates significantly with that in the cataloged strand (r = 0.34, Table 1 ). This confirms that the tetranucleotide asymmetry seems to Figure 6 . Abscissa, see Figure 5 . Ordinate, the frequency of tetranucleoudes from DNA corresponding to stable RNA. See text, Table 5 and legend to Figure 2 for other details.
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be derived from the same distribution pattern in various subsets of the genome, that is, the asymmetry does not seem to vary significantly with DNA function.
<5. Comparison of E. coli sequences with Coliphage sequences.
To further explore the distribution of the asymmetry I compared the tetranucleotide asymmetry of the entire E. coli genomic data set with that of other organisms. Table 6 summarizes the comparisons with other organisms. I first compared the asymmetry off. coli with that of two coliphages, the temperate phage lambda and the lytic coliphage T7. The codon biases of both phages seem to be similar to the codon bias of E. coli (9, 10) . The tetranucleotide asymmetry of the temperate phage is similar in both strands (r = 0.77, significant, P < 0.001), and is otherwise very similar to that of E. coli (Table 6 and Figure 7 ). However, while the tetranucleotide distribution of the cataloged strand of the lytic phage correlates significantly (r = 0.22, P < 0.001, Figure 8 ) with that of the cataloged strand of E. coli it is the lowest correlation between cataloged strands reported here (compare Figures 3 and 8) , and may be due solely to the similarity in codon bias. Otherwise, the distributions from T7 are not similar to those of E. coli. The distribution in the two strands of T7 are not alike (r = 0.13, not significant, Table 1 ), and the correlation between the distribution in both strands of T7 and that of both strands of E. coli is not significant (r = 0.05), unlike all other comparisons reported here. 9. Comparison ofE. coli with S. typhimurium. S. typhimurium is a gram negative enteric bacterium closely related to E. coli by rRNA comparison (11) . The tetranucleotide distribution pattern of the cataloged sequences of the two organisms is also similar (r = 0.88, cataloged strand, and 0.89, both strands, Table 6 ).
Comparison of E. coli with Bacillus subtilis. B.
subtilis is a gram-positive bacterium not closely related to E. coli by rRNA homology (11) , and with a codon usage pattern much more uniform than that off. coli (12) . Comparison of the tetranucleotide asymmetry of B. subtilis with that off. coli also reveals significant similarities (r = 0.53 and r = 0.52, Table 6 , cataloged strands compared in figure 9 ) and a similarity between the two DNA strands of the cataloged B. subtilis genome (r = 0.69).
Codon and Codon Complement Distribution in B.
subtilis. The distribution of codons in E. coli and the complements to the codons shows a significant similarity (13) . To comparatively investigate this similarity I examined the distribution of codons and their complements in B. subtilis. I generated the codon bias of B. subtilis coding regions from the GenBank data (essentially identical to the codon bias reported in 12), and compared their distribution to that of their complements. The distribution of the complements to the codons in open reading frames of the cataloged B. subtilis genome do not correlate significantly (r = 0.24, not significant assuming the codon frequencies are parametrically distributed, P < 0.01, see Figure 10 ) with the distribution of codons. Thus, this particular feature of the E. coli coding bias is difficult to explain as either the obligatory cause or consequence of the similarity of the tetranucleotide asymmetries of the two strands. Further, reportedly different codon biases reside within statistically similar tetranucleotide asymmetries, again demonstrating a lack of correlation between codon bias and tetranucleotide asymmetry.
DISCUSSION
The analyses presented above reveal an unanticipated sameness in the tetranucleotide asymmetry of functionally different subsets of the GenBank 44.0-cataloged genome of E. coli, a similarity which encompasses both strands of the DNA and extends to the asymmetries of the cataloged genomes of S. typhimurium, B. subtilis and temperate coliphage lambda, but not to lytic coliphage T7. It is important to reiterate that the asymmetric distribution of tetranucleotides is a good measure of other, higher-order asymmetries as revealed by Markov Chain analysis (2) as well as by selected comparisons of the sequences examined here at the penta-and hexanucleotide levels (data not reported here). Thus, these findings are probably good indicators of nucleotide sequence asymmetry patterns in general.
Previous work had suggested a correlation between the coding bias of E. coli and the higher-order asymmetries (5) . This work also shows that the asymmetry exists in coding regions, and that therefore a correlation can be drawn between codon bias and nucleotide asymmetry. However, this contribution shows that it cannot be concluded that the correlation implies that codon bias directly causes nucleotide asymmetry, as the general pattern of asymmetry is not restricted to coding regions.
Moreover, there seems to be little general association between the codon bias and the tetranucleotide asymmetry of a particular genome. The tetranucleotide asymmetry pattern of temperate coliphage lambda is similar to that of E. coli; the pattern of lytic coliphage T7 is not. Both phages have codon utilization patterns like that of E. coli (the lambda comparison is not published but can be reproduced by comparing data in refs. 9 and 10).
In contrast, the tetranucleotide asymmetry of B. subtilis is similar to that off. coli whereas the codon utilization pattern is quite different. I show here, moreover, that B. subtilis does not share an unusual property of the E. coli codon set, which is that the frequency distribution of the complements of the codons correlate well with the frequency distribution of the codons. Here, then, similarity in tetranucleotide distribution does not associate with similarities in codon bias. Thus, there does not seem to be a simple causal relationship between nucleotide asymmetry and codon bias.
Similarity does not presage identity, and it should be obvious that there are differences in distribution of nucleotides within different functional parts of the genome, although these differences are within the background of a high overall correlation. For example, examination of the comparison of the two strands of E. coli (Figure 4 ) reveals divergence of the frequencies of some of the more highly represented frequencies, a divergence further detailed by examining frequencies of exemplary tetranucleotides and their complementary sequences (or lack of a complement of similar frequency) in Table 2 or in tables in reference 2. Non-coding ( Figure 5 ) and structural sequences ( Figure 6 ) also deviate in their frequency distributions from those of the coding sequences in ways demanding further analysis. The shift in frequency between E. coli and B. subtilis ( Figure 9 ) also reveals intriguing differences.
It should be noted diat generating an artificial DNA sequence from a given codon bias will reproduce the tetranucleotide asymmetry of the genome from which the codon bias was originally derived (not shown). However, the codon bias information is not a parametric data set, but is rather a sampling of non-overlapping short sequences with their frequencies of occurrence. Reconstruction of a sequence in this manner is analogous to the construction of a Markov chain, but utilizing actual short sequences and their frequencies instead of overlapping, statistical frequencies.
This analysis shows that the tetranucleotide asymmetry of the E. coli genome seems to be a consistent feature of both strands of the DNA and of all functional subsets of the genome, and a related asymmetry is found in the genomes of 5. typhimurium and B. subtilis. A related asymmetry also seems to be a feature of the genome of the temperate coliophage lambda, but not of the lytic coliphage T7. The unifying factor from the factors examined here thus seems to be whether or not the DNA can be found as an integral part of a bacterial genome. The asymmetry seems to be conserved enough to exist in a statistically related form in bodi gram negative and gram positive bacteria, and hence to appear conserved through bacterial evolution. Its biological basis may thus be the result of a hitherto undescribed interaction between bacterial DNA and the bacterial cytoplasm. The implications of such a background motif in chromosomal DNA for theories of evolution and for the analysis of patterns could be profound. We are working to broaden the comparative analysis.
